ABSTRACT. The precise control of spindle microtubule (MT) dynamics is essential for chromosome capture and alignment. Kif18A/kinesin-8, an essential regulator of kinetochore MT dynamics, accumulates at its plus-ends in metaphase but not prometaphase cells. The underlying mechanism of time-dependent and kinetochore MT-specific plus-end accumulation of Kif18A is unknown. Here, we examined the factors required for the MT plus-end accumulation of Kif18A. In Eg5 inhibitor-treated cells, Kif18A localized along the MTs in the monopolar spindle and rarely accumulated at their plus-ends, indicating that MT-kinetochore association was not sufficient to induce Kif18A accumulation. In contrast, taxol treatment triggered the rapid MT plus-end accumulation of Kif18A regardless of kinetochore association. Furthermore, Aurora B inhibitor-induced stabilization of the plus-ends of kinetochore MTs promoted the plus-end accumulation of Kif18A. In the absence of Kif18A, treatment with taxol but not Eg5 inhibitor causes highly elongated mitotic MTs, suggesting the importance of plus-end accumulation for the MT length-controlling activity of Kif18A. Taken together, we propose that there is a mutual regulation of kinetochore MT plus-end dynamics and Kif18A accumulation, which may contribute to the highly regulated and ordered changes in kinetochore MT dynamics during chromosome congression and oscillation.
Introduction
The mitotic spindle is an essential and well-organized machine that separates the chromosomes into two daughter cells. Precise control of the dynamics of spindle MTs, especially those attached to kinetochores, is critical for chromosome capture and their subsequent alignment at the spindle equator (Khodjakov et al., 1997; Rieder and Salmon, 1998) . During prometaphase, kinetochore MTs are highly dynamic, which ensures effective chromosome capture and selective elimination of improper kinetochore-MT attachments (Lampson et al., 2004) . After establishing the appropriate bipolar attachment, plus-ends of the kinetochore MTs are stabilized and mediate stable interactions between the MTs and kinetochores. Precise MT dynamics are controlled by numerous MT-stabilizing and destabilizing proteins, including kinesin-8 motors. The kinesin-8 proteins are plus-end directed motors that modulate the dynamics of MT plus-ends and are implicated in the control of MT length (Gardner et al., 2008; Wordeman and Stumpff, 2009) . Yeast cells lacking kinesin-8 motor proteins exhibit highly elongated MTs (Cottingham and Hoyt, 1997; Garcia et al., 2002; Straight et al., 1998; West et al., 2001) . The depletion of Drosophila Klp67A or human Kif18A also increases spindle length (Gandhi et al., 2004; Goshima and Vale, 2003; Mayr et al., 2007) . Despite the highly conserved role of kinesin-8 motor proteins in the regulation of kinetochore MT length, the spatio-temporal localization at the kinetochore region differs among species. Budding yeast Kip3p accumulates at the plus-ends of growing and pausing kinetochore MTs but not shrinking kinetochore MTs (Gupta et al., 2006) , whereas Klp67A localizes in a Klp67A tail domain-dependent manner at the kinetochore even during prophase (Savoian and Glover, 2010) . Kif18A does not localize to the kinetochore region in the absence of kinetochore microtubules. In addition, Kif18A strongly accumu-lates at the plus-end of kinetochore MTs during metaphase but not prometaphase (Mayr et al., 2007; Stumpff et al., 2008) . The mechanism underlying this temporal regulation remains unclear. It is also unknown why Kif18A accumulates at the plus-end of kinetochore MTs but not other spindle MTs such as interpolar or astral MTs. In this study, we investigated the cellular conditions that were required to induce accumulation of Kif18A at MT plus-ends.
Materials and Methods
Cell culture U2OS cells that stably expressed Venus-α-tubulin (Oshimori et al., 2006) and HeLa cells were cultured in RPMI medium or DMEM containing 10% fetal calf serum, respectively. To arrest the cells in a prometaphase-like state, the cells were incubated with 100 nM taxol or 2 μM Eg5 inhibitor III (Merck) for 16 hours. To inhibit Aurora B kinase, 8 μM ZM447439 (TOCRIS) was used.
RNAi
RNA oligonucleotides targeting the following cDNA sequences were synthesized: 5'-GCAAGTACTTCCGGTGCTATT-3' and 5'-GCATGGTGCCATCCTACAT-3' for Kif18A siRNA and 5'-AATTCT CCGAACGTGTCACGT-3' for control siRNA.
cDNAs and plasmids
Full-length human Kif18A was cloned from a HeLa cell library using PCR and subcloned into the pmCherry-C1 vector (Clontech).
Indirect immunofluorescence microscopy
HeLa cells were grown on a coverslip, fixed in -20°C methanol for five minutes and stained for the indicated proteins as previously described (Oshimori et al., 2006) . Anti-Kif18A rabbit polyclonal antibodies were generated against the C-terminal 278 amino acids of human Kif18A and affinity-purified. Anti-α-tubulin monoclonal antibody (Sigma) was also used. Image stacks were collected using a DeltaVision live cell microscopy imaging system (Applied Precision), deconvolved and quick-projected using SoftWoRx software (Applied Precision).
Time-lapse live microscopy U2OS cells were cultured in glass-bottomed dishes. Image stacks were captured using a microscope that was controlled by DeltaVision system and equipped with a CO2-regulated microscope stage incubator.
Results and Discussion

MT-Kinetochore attachment or Kif18A localization on MTs is not sufficient to induce Kif18A accumulation
Kif18A localized along the entire length of spindle MTs during prometaphase and accumulated at the plus-ends of the kinetochore MTs during metaphase ( Fig. 1A) (Mayr et al., 2007; Stumpff et al., 2008) . Kif18A accumulation was specific to kinetochore microtubules and was not observed at the plus-ends of other spindle MTs such as astral and interpolar microtubules ( Stumpff et al., 2008) . Previous studies have reported that when a Kif18A protein is expressed in the cytoplasm of interphase cells it accumulates only at the plus-ends of a subset of cytoplasmic MTs (Du et al., 2010) . These observations suggest that a cellular factor(s) or condition(s) is essential for the accumulation of Kif18A at MT plus-ends. We sought to define the conditions that were required for MT plus-end accumulation of Kif18A, which occurs at kinetochore MTs during metaphase but not prometaphase.
For this purpose, we treated cells with an Eg5/kinesin-5 inhibitor or taxol for 16 hours to arrest the cells in a prometaphase-like state and then examined the localization of Kif18A. It has been shown that in a monopolar spindle formed in Eg5 inhibitor-treated cells, most of the kinetochores are captured by kinetochore MTs (Kapoor et al., 2000; Mayer et al., 1999) . However, kinetochore-MT attachments are not stabilized due to a lack of tension between sister kinetochores (Kapoor et al., 2000) . In most cases, Kif18A was uniformly localized along kinetochore MTs and did not exhibit obvious accumulation at the plusends in Eg5 inhibitor-treated cells (Fig. 1B) . This result indicates that kinetochore-MT attachment is not sufficient to induce Kif18A accumulation even after an extended period and suggest that other factor(s) trigger Kif18A accumulation. By contrast, taxol-treated cells exhibited strong accumulation of Kif18A at the plus-ends of MTs in taxolstabilized asters (Fig. 1B) . Co-staining with anti-centromere antiserum showed that Kif18A accumulated at the plus-ends of most microtubules regardless of their association with kinetochores (Fig. 1C) . These results suggest that Kif18A accumulates at the plus-end of MTs when depolymerization from the plus-end is suppressed and stabilized.
Taxol-mediated stabilization of MTs triggers the rapid accumulation of Kif18A regardless of the presence of the kinetochore
To further examine this possibility, we first tested whether taxol treatment induced plus-end accumulation of Kif18A in Eg5 inhibitor-treated monopolar spindles. We expressed mCherry-Kif18A in U2OS cells that stably expressed Venus-α-tubulin, treated the cells with Eg5 inhibitor for 16 hours and then added taxol. Time-lapse observations of these cells demonstrated the rapid plus-end accumulation of mCherry-Kif18A at the monopolar spindles after taxol treatment ( Fig. 2A) . Immunofluorescence showed that endogenous Kif18A also accumulated at the plus-ends of the monopolar spindle MTs in Eg5 inhibitor-treated cells after taxol treatment (Fig. 2B) . Furthermore, Kif18A accumulated at the plus-ends of non-kinetochore MTs in prometaphase cells within five minutes of taxol treatment (Fig. 2C) . These results indicate that plus-end accumulation of Kif18A is dependent on the status of MT plus-ends and suggest that Kif18A can accumulate at all stabilized MT plus-ends. Taken together, we speculate that stabilization of kinetochore MTs may underlie the Kif18A spatio-temporal accumulation.
Inhibition of Aurora B-dependent kinetochore MT destabilization triggers Kif18A accumulation
Aurora B kinase plays a key role in correcting improper kinetochore MT attachment by destabilizing the connection between the outer kinetochore and MTs (Cimini et al., 2006; Hauf et al., 2003; Liu and Lampson, 2009) . A previous study has shown that inhibition of Aurora B kinase activity stabilizes the kinetochore MTs and subsequently increases the MT-kinetochore attachment (Cimini et al., 2006) . Therefore, we examined whether ZM447439, which is an inhibitor of Aurora B, induced Kif18A accumulation at the plus-ends of kinetochore MTs in monopolar spindles. Although less effective than taxol treatment, A 10-minute treatment with ZM447439 significantly increased the number of cells that displayed Kif18A accumulation at the kinetochore MT plus-ends (Fig. 3A, B) . These results suggest that plus-end accumulation of Kif18A at metaphase may be triggered by the stabilization of kinetochore MTs following the establishment of the bipolar attachment and proper tension between sister kinetochores, which causes the separation of Aurora B from its outer kinetochore substrates (Liu and Lampson, 2009 ).
Plus-end accumulation of Kif18A promotes the regulatory function of MT length
Previous reports have shown that motor activity of Kif18A is essential for its MT plus-end accumulation and its MT dampening activity (Stumpff et al., 2008) . In addition, the amount of Kif18A at the plus-end inversely correlates with the MT dynamics (Du et al., 2010; Stumpff et al., 2008) . However, it remains unclear whether the MT plus-end accumulation of Kif18A enhances its function. We took advantage of the fact that we could control the localization of endogenous Kif18A by treating cells with the Eg5 inhibitor or taxol and examined the effect of Kif18A depletion on MT length in these cells. Kif18A expression was reduced to undetectable level 36 hr after siRNA transfection (Fig. 4A) . In Eg5 inhibitor-treated cells, the length of the MTs was not markedly affected by Kif18A depletion (Fig. 4B, C) . By contrast, taxol-stabilized MTs were elongated in the major- ity of Kif18A-depleted mitotic cells (82.0±2.7%, n=3, >100 cells per experiment) that would otherwise form short MT asters with extensive accumulation of Kif18A at the plusends (Fig. 4B, C) . We synthesized two siRNA duplexes against different regions of Kif18A mRNA and observed no phenotypic differences between cells treated with either of them (data not shown). These results indicate that Kif18A contributes substantially to the control of MT length in taxol-treated cells, but not Eg5 inhibitor-treated cells, suggesting the importance of plus-end accumulation of Kif18A for its MT length-controlling activity. In addition, one of the notable unanswered questions concerning the mechanism of multiple aster formation in taxol-treated mitotic cells has been why MTs remain short even in the presence of taxol (De Brabander et al., 1981; Hornick et al., 2008; Schiff et al., 1979; Verde et al., 1991) . Our findings reveal the contribution of Kif18A to the control of MT length in taxolstabilized asters.
In summary, our study identified the mechanism underlying the unique localization of Kif18A during preanaphase mitosis and revealed a mutual regulation between MT plusend dynamicity and Kif18A localization. After nuclear envelope breakdown, MTs were highly dynamic during the processes of attachment to the kinetochore and the formation of the bipolar spindle. At this time, Kif18A failed to accumulate at MT plus-ends and had little, if any, contribution to the regulation of MT dynamics. Indeed, previous studies have shown that Kif18A depletion does not affect the establishment of spindle bipolarity or kinetochore-MT attachment (Mayr et al., 2007; Zhu et al., 2005) . During the course of chromosome congression process Kif18A localizes along the length of spindle microtubules and rarely showed plus-end accumulation (Fig. 1A and Fig. 2C ; Mayr et al., 2007) , suggesting that Kif18A may dissociate from MT plus-ends when they are dynamic. In this situation, a population of Kif18A that reach to the microtubule plus-end may contribute to the microtubule length control, since Kif18A depletion cause abnormally elongated prometaphase/ metaphase spindle microtubules (Mayr et al., 2007) . When the chromosome establishes a properly oriented kinetochore-MT attachment and tension between sister kinetochores stabilizes the kinetochore MTs (Liu and Lampson, 2009) , Kif18A is allowed to accumulate at the plus-ends of kinetochore MTs. Accumulating Kif18A may then function to precisely control kinetochore MT length to allow highly regulated change in kinetochore MT dynamics during chromosome oscillation (Du et al., 2010; Stumpff et al., 2008) . The mechanism by which MT stabilization triggers the Kif18A plus-end accumulation is not known and remains an important question for future research.
